. In Drosophila, we report that LAT plays a central role in regulating activation of the cAMP-dependent transcription factor Ca 2؉ -and activity-dependent synaptic plasticity. Im-CREB (cAMP response element-binding protein) has munological localization of the LAT protein indicates been shown to underlie long-term memory formation it is present at synaptic connections of the larval neu- (Yin et al., 1994 (Yin et al., , 1995 and to regulate functional preromuscular junction (NMJ) and is enriched in presynsynaptic plasticity at the NMJ (Davis et al., 1996). In aptic boutons. Basal synaptic transmission amplitude mammals, cAMP-dependent processes, including CREB at the lat mutant NMJ is elevated 3-to 4-fold, and Ca served roles at all synapses, including the NMJ. This hypothesis predicts that newly identified mutations afal., 1993) ( Figure 1C ). These boutons are believed to contain amines and neuropeptides, including octopafecting learning and memory will have a high likelihood mine (Monastirioti et al., 1995) and proctolin (Anderson of altering synaptic plasticity properties at the NMJ. et al., 1988) (type II) and insulin-like peptide (Gorczyca In this study, we have used a genetic approach to et al., 1993) (type III), which may serve as modulatory study the possible role of a novel learning gene, latheo transmitters. In particular, the NMJ at muscle 12, which (lat), in regulating functional synaptic plasticity. The lat receives types I, II, and III innervation, consistently exgene was identified in a P element mutagenesis screen hibits positive staining, commonly at multiple bouton for Drosophila mutants with disrupted 3 hr memory for types at the same NMJ ( Figure 1C) . LAT thus appears a Pavlovian olfactory learning task (Boynton and Tully, not to be segregated to particular body segments, sub-1992). The viable P element insertion mutant, lat
P1
, exsets of muscle fibers, or particular bouton subtypes dishibits reduced initial learning ability in olfactory conditinguishable by morphological or physiological criteria. tioning tests (Boynton and Tully, 1992 Figure 1D ) and the postsynaptic mutant synaptic phenotype, suggests that the protein Discs-large (Dlg; Figure 1F) 
Lethal lat Mutants Exhibit Only Minor Alterations in Synaptic Morphology
The neuromuscular morphology of lat Ϫ mutant larvae, including the stereotypic muscle and innervation patterns, appears largely normal. Mutant NMJs are present at the normal synaptic locations and exhibit morphological terminal elaborations, similar to wild-type NMJs. Presynaptic boutons at lat Ϫ NMJs are normal in size and at the light microscope level appear to possess a normal level of transmitter vesicle proteins, such as CSP (Figure 1A) .
Alterations in synaptic terminal morphology have been described for other Drosophila learning and memory mutants (Zhong et al., 1992; Wang et al., 1994) . We therefore examined the number of terminal branches and synaptic boutons at lat le49 and lat le344 NMJs, using anti-CSP to visualize presynaptic terminals ( Figures 1A  and 2 ). The terminal branching pattern at the muscle 12 NMJ, which receives multiple innervation and forms boutons of three to four subtypes, is similar to normal for both lat le49 and lat le344 larvae (Figure 2A ). However, both lat Ϫ mutant strains have ‫%02ف‬ fewer terminal branches than do wild-type terminals, due to fewer higher order branch segments at mutant terminals (Figure 2B) . Consistent with reduced terminal branching, lat le49 NMJs also have ‫%02ف‬ fewer synaptic boutons than do wild-type NMJs at both muscle 12 and muscle 6/7 ( Figure 2C ). Similar but statistically insignificant decreases are observed at lat le344 muscle 12 and 6/7 NMJs, which show more variability in bouton number. However, parallel morphological changes are not observed at the muscle 4 NMJ, where both lat le49 and lat le344 NMJs have a statistically insignificant increased bouton number compared to normal ( Figure 2C ).
In summary, lat Ϫ mutant NMJs exhibit only mild alterations in synaptic morphology. At the more complex muscle 12 NMJ, mutant terminal complexity appears to be slightly reduced on the basis of terminal branching and bouton number. In contrast, at the simpler muscle 4 NMJ, mutant terminals have normal or slightly increased . However, the slope of the lat Ϫ power relationship (3.2) in this range is significantly less than that for wild type (4.3; Figure 3C ). The reduced slope suggests that the Ca 2ϩ cooperativity for transmitter release is reduced at mutant NMJs.
To address whether these differences in evoked transmission amplitude and Ca 2ϩ dependence result from altered synaptic vesicle exocytosis probability or glutamate receptor field strength, we recorded spontaneous miniature EJCs (mEJCs) in normal and lat Ϫ mutant larvae (lat Wild-type NMJs exhibit PPF when two consecutive EJCs are evoked at intervals of Յ100 ms, with maximal wild-type augmentation and PTP. Initial facilitation and among individual lat Ϫ larvae vary from mild facilitation weak-to-moderate augmentation to ‫%57ف‬ over control to mild depression, with average STF reduced to ‫%03ف‬ amplitude occur during the tetanus followed by initial of normal. The viable lat P1 mutant exhibits stronger facili-PTP 40%-50% of normal strength, which decays gradutation of ‫%08ف‬ of wild-type level ( Figure 5B) -dependent synaptic modulation that ( Figure 3C ). If so, the effect of such a shift should be play markedly enhanced synaptic augmentation ‫%05ف‬ homology (30% identical, 42% similar) to a recently identified human ORC subunit, ORC3 (Pinto et al., 1999) . greater than normal ( Figure 8E) . Finally, the glat ϩ 3-1 construct significantly rescues the mutant PTP deficit.
LAT coimmunoprecipitates with DmORC2, and null lat mutations disrupt imaginal development and CNS prolifIn the initial minute, glat ϩ 3-1 PTP is improved to ‫%06ف‬ of the normal level, but thereafter, PTP in glat ϩ 3-1 and eration, indicating that LAT functions in cell division as part of Drosophila ORC. However, LAT is also expressed wild-type larvae is indistinguishable ( Figure 8E) . Thus, transgenic rescue of LAT expression in null mutants cytoplasmically in adult CNS (Pinto et al., 1999), suggesting additional functions in terminally differentiated restores normal transmission strength and restores all forms of plasticity analyzed to strengths that approach neurons. We have shown that LAT is localized to neuronal synor exceed normal levels. We therefore conclude that LAT functions both to determine or regulate the level of aptic boutons and regulates both evoked transmission amplitude and activity-dependent forms of synaptic fabasal transmission and to regulate both short-term and long-term Ca lived, lower levels of residual Ca 2ϩ acting at different sites in the terminal (Zucker, 1996) . Our results suggest that one possible functional role LAT Regulates Synaptic Transmission Amplitude for LAT may be in regulating Ca 2ϩ levels or dynamics at and Short-Term Synaptic Facilitation at the NMJ: one or more of these putative presynaptic domains.
Possible Role in Presynaptic Ca

2؉ Regulation
The LAT protein appears to be localized in the same Mutant lat NMJs exhibit strongly elevated basal-evoked proximity as synaptic vesicles. The elevated level of synaptic transmission over a wide range of external Ca 2ϩ evoked transmitter release, shift in Ca 2ϩ dependence, concentrations. EJC amplitude in lethal lat Ϫ mutants is and reduced Ca 2ϩ cooperativity of release at lat Ϫ NMJs three to four times larger than normal in low Ca 2ϩ at suggest that the protein may regulate Ca 2ϩ concentraboth the muscle 12 and 6 NMJs, suggesting that LAT tion or binding affinity at the rapid release site. However, likely has a similar function at all NMJs. However, these the loss of short-term facilitation, augmentation, and NMJs in lat Ϫ mutants exhibit no significant morphologi-PTP (see below) in lat Ϫ mutants suggests the release cal alterations that can be correlated with increased dependence is also altered at other presynaptic Ca 2ϩ transmission strength, such as greater numbers of terdomains involved in mediating these forms of plasticity. minal branches or synaptic boutons (Zhong et al., 1992;  It is difficult to propose a Ca 2ϩ regulatory scheme that Wang et al., 1994). The muscle 12 NMJ is, by contrast, can account for this combination of lat transmission slightly simplified in lat Ϫ larvae compared to normal, defects. The increased mutant transmission phenotype forming fewer higher-order branches and synaptic boucould be produced by increased basal levels of presyntons. Removal of the protein in lat Ϫ mutants thus has aptic Ca 2ϩ resulting from alterations in presynaptic Ca 2ϩ primarily a functional consequence on the regulation of sequestration or buffering. For example, presynaptic represynaptic transmitter release. Furthermore, we obticulum (Fossier et al., 1993 (Fossier et al., , 1998 The lat mutant olfactory learning defect, combined low external Ca 2ϩ , dunce basal-evoked transmission is with the striking functional similarities between the lat characterized by a strongly (4-fold over normal) elevated and dunce mutants, leads us to speculate that LAT may EJC amplitude, similar to the 3-to 4-fold increase obalso be involved in cAMP-dependent forms of synaptic served for lat; and like lat, also has a reduced Ca 2ϩ modulation. The behavioral defects of the viable lat P1 dependency of transmission (Zhong and Wu, 1991) . mutant appear to be specific to the initial acquisition or Moreover, dunce mutant NMJs also show a nearly comlearning step rather than to subsequent forms of shortplete loss of STF, longer-term augmentation, and PTP or long-term memory (Boynton and Tully, 1992). LAT (Zhong and Wu, 1991). The only striking difference bemay therefore function in one or more short-term, trantween the lat and dunce mutant phenotypes is that scription-independent forms of modulation, including dunce also significantly increases NMJ morphological cAMP-dependent aspects of synaptic vesicle mobilizagrowth, including bouton number and terminal branchtion, docking, and release as well as downstream protein ing, by 30%-50% (Zhong et al., 1992) . The lat mutation kinase A-dependent modulation of synaptic efficacy, or is therefore of particular interest as a second example in another protein kinase or signal transduction pathway in which abnormally elevated synaptic transmission also involved in synaptic modulation. strength is correlated with a deleterious effect on learnFuture work must focus on synaptic ultrastructural ing or memory but that is unique among Drosophila correlations to the lat mutant functional phenotype and learning/memory genes in that it appears to affect prethe relationship of this pioneer synaptic protein to identisynaptic function independently of morphology.
fied synaptic proteins and modulation pathways. ExamiParallel evidence that cAMP levels critically regulate nation of mutant synaptic ultrastructure will be neceslong-term synaptic plasticity and memory formation sary to reveal alterations in the number or structure of presynaptic release sites and the availability of synaptic comes from Drosophila rutabaga mutants, which have , or lat vr6.6 larvae, and all three alleles show nearly identi-DAB technique, and mounted and visualized as above. Single and cal mutant synaptic transmission phenotypes. We therefore condouble fluorescent antibody-labeling experiments were also used sider these three alleles to be very strong hypomorphs or null muto examine LAT localization alone or in combination with other tants and refer to them here collectively as lat ;glat ϩ /ϩ) were produced from this cross at a ratio projections. Only the prominent principal NMJ, usually formed near close to that expected for complete rescue of the lethality-associthe center of the fiber and containing type Ib boutons, was analyzed. ated null lat genotype. Few flies with two copies (lat le344 /lat le344 ;glat ϩ / The total number of synaptic boutons at muscles 12, 4, and 6/7 was glat ϩ 3-1) were produced, suggesting a deleterious effect resulting counted on both sides of the preparation in segment A2. either from two copies of glat ϩ 3-1 or from homozygosity of the insertion site (Pinto et al., 1999) . Third instar larval progeny (5-6 Electrophysiology days AEL) from lat le344 /lat le344 ;glat ϩ /ϩ flies were used for electophysiElectrophysiological recordings were made at 18ЊC from muscle 12 or muscle 6 in the anterior ventral abdomen (A2-A5; primarily A3) ological recordings in rescue experiments.
